Abstract-In this paper, we investigate the integrated study of closed-loop control for two-cell selective catalytic reduction (SCR) systems with application to diesel enginepowered small inland vessels. For two-cell SCR systems, the first catalyst cell is mainly used to reduce the nitrogen oxide (NO x ) emissions and the second cell aims to adsorb the ammonia from the first cell. Therefore, the ammonia coverage ratios for the first and second SCR cells may be different, and their values affect both the SCR NO x conversion efficiency and tailpipe ammonia slip. Based on the optimization results, several dynamic ammonia-coverage-ratio reference generators are designed and implemented to online produce the references for the two SCR cells. With the generated references, an adaptive backstepping controller is adopted to control the two-cell SCR system. Experimental tests are carried out based on the US06 test cycle. It infers from the test results that the control performance with the designed dynamic reference generators has certain advantages over the performance with selected constant references and the lumped cases.
knowledged [3] [4] [5] , where the urea dosing control is important and complicated. The challenges of urea dosing control include the simultaneous considerations of NO x reduction and ammonia slip constraint [6] , [7] . The urea dosing control unsurprisingly receives considerable research efforts such as the heavy-duty diesel exhaust treatment system in [8] and the feedforward plus proportional-integral (PI) feedback control system in [9] .
Recently, two-cell SCR systems have attracted increasing attention; see the work in [10] [11] [12] and the references therein. The main reason is that the two-cell SCR systems have some significant improvements over the single-cell SCR systems. The improvements exist in not only the system modeling accuracy, but also the flexibility in the closed-loop control. As seen in [11] , in a two-cell SCR system, the main function of the first catalyst cell is to convert the engine-out NO x into N 2 and H 2 O and the second SCR cell is used to store the ammonia such that the tailpipe ammonia slip is low. In terms of the main function, the ammonia coverage ratio for the first SCR cell is high and the ratio for the second cell is low. In the work [11] , the authors used constant ammonia-coverage-ratio references in the closed-loop SCR control. However, both the operations of engine and SCR device can be quite different under different operating conditions. Such constant references may not lead to the best control performance at different operations. In addition, the number of physical sensors would increase in two-cell SCR systems since the gas concentrations between the cells need to be measured.
Different from the work in [11] , here, we aim to study the closed-loop control for two-cell SCR systems with dynamic ammonia-coverage-ratio reference generators and less physical sensors. The dynamic references mean that the references are not constant but vary with time. To achieve the objectives, first, two nonlinear observers are designed. The observer for the first SCR cell is based on the sliding mode method and similar to the one in [13] . The observer of the second SCR cell is a nonlinear one and based on a Lyapunov analysis [14] , [15] . When the system states are all available, the challenges encountered are how to design the reference generators for the closed-loop control. It is desired that the reference generators can produce the references online to achieve good NO x and ammonia reduction performance. Motivated by this point, we employ the dynamic programming algorithm to optimize the ammonia coverage ratios for the two-cell SCR systems with experimental test data offline. The dynamic programming has shown the strength in solving many cycle-based practical optimization problems; see [16] [17] [18] and the references therein. It is well known that the dynamic programming algorithm employs the Bellman's principle for the optimization and the global optimality can be guaranteed. With the obtained optimization results, the next step is to find the relationship between the ammonia coverage ratios and the engine operation. The method used is based on the adaptive-network-based fuzzy inference system (ANFIS) [19] , [20] , which is a data-based approach. It has been successfully applied to several examples to train systems to find the relationship between different datasets; see [21] [22] [23] and the references therein. Finally, the control strategy is implemented on a realtime dSPACE MicroAutoBox. As the US06 cycle is more aggressive and stringent than the typical vessel duty cycles, we use US06 cycle to evaluate the proposed concept here. Experimental results and the comparisons show that the proposed control strategy possesses considerable advantages.
II. DIESEL ENGINE TWO-CELL SCR SYSTEMS
In this paper, we aim to study the control strategy with dynamic reference generation for two-cell SCR systems. Compared with the one-cell SCR physical system with the same volume, the advantages of two-cell SCR system arise from the following aspects.
1) The two-cell SCR system can lead to a more accurate system model which has the potential to result in better closed-loop control and estimation performances. 2) The information between the cells can be employed into the control law design such that high NO x conversion efficiency and low tailpipe ammonia slip can be simultaneously achieved.
A. Urea-Based Two-Cell SCR Aftertreatment System Operation Principle and Sensor Placement
The schematic diagram of a two-cell SCR aftertreatment system and the physical sensor placement is shown in Fig. 1 . It can be seen that there are two small catalyst cells (SCR 1 and SCR 2 ) and their volumes can be denoted with V 1 and V 2 , respectively. There are two NO x sensors, three temperature sensors, and one ammonia sensor. The sensors placed before SCR 1 , between the cells, and after the cells are denoted by the subscript "in," the subscript "1," and denote by the subscript "2," respectively.
It infers from the main principle that the first cell is mainly used to convert the NO x and the second cell is mainly used to adsorb the ammonia such that the tailpipe ammonia slip can be controlled to a low level. More specifically, the two-cell SCR NO x catalytic reduction consists of the following steps.
1) The urea solution is injected into the exhaust pipe and converted to gaseous ammonia.
2) The gaseous ammonia is adsorbed on the catalyst surface inside the catalyst cells.
3) The adsorbed ammonia in the first cell catalytically reacts with exhaust NO x and converts NO x into N 2 and H 2 O. 4) The slipped ammonia from the first cell is adsorbed on the catalyst surface inside the second cell. In order to maximally convert the NO x and constrain the tailpipe ammonia slip, ideally, the amount of ammonia adsorbed in the first cell is as high as possible and the ammonia amount in the second cell is as low as possible. However, there is only one control input (urea injection) and the outputs of the first cell are the inputs of the second cell. A higher ammonia concentration in the first cell would directly increase the tailpipe ammonia slip. Therefore, the ideal control targets cannot be achieved and more tailored control strategies should be investigated.
To develop a model-based closed-loop control law, first, the main chemical reactions during the NO x reduction should be introduced and a control-oriental model should be established. As the injected urea solution is liquid, the liquid solution would convert to the gaseous ammonia before the catalytic reactions. The inputs of the SCR system include the gaseous ammonia and the NO x (combination of NO and NO 2 ) species. Generally, the engine-out NO x concentration can be obtained from a calibrated emission map with the engine speed and torque information. With the engine-out NO x concentration and NO/NO 2 model in diesel oxidation catalyst (DOC) and diesel particulate filter (DPF) [24] , the NO and NO 2 concentrations before the SCR cells are available. With a proper catalyst geometry design, the hydrolyzation process of the urea-ammonia conversion can be finished before the first SCR cell when the engine is warmed up. Normally, a mixer is employed in the exhaust pipe to assist the conversion. If the urea-ammonia conversion is 100% completed before the first cell, a predictive model for the ammonia concentration iṡ
where C NH 3,in denotes the ammonia input to the first catalyst cell, α is the inverse of a time constant which needs to be calibrated, τ stands for the mass fraction of urea in the solution, u AdBlue represents the mass injection rate of urea injected into the exhaust pipe, N urea denotes the atomic number of the urea, and F in stands for the flow rate of the engine-out exhaust gas. Equation (1) describes the relationship between the urea injection rate and the inlet ammonia concentration. When the necessary inlet ammonia concentration is determined, a PI controller is set to calculate the urea injection rate.
B. Two-Cell SCR Aftertreatment System Model
Though the chemical reactions inside the SCR catalyst cell are complex, most of the reactions have been well investigated. First, the gaseous ammonia is adsorbed on the catalyst substrates and the adsorbed ammonia can be also desorbed. The adsorption and desorption are explained in the following bidirectional equation:
where θ free represents the free substrate site inside the SCR catalyst cell and NH * 3 is the adsorbed ammonia which is active to react with NO x . The NO x reduction is mainly governed by the following chemical reactions [10] :
When the gas temperature is high such as up to 450°C, both NH * 3 and NO may be oxidized as follows:
Suppose that the catalyst cell is a continuous stirred tank reactor and all the states inside the SCR catalyst cell are homogenous. The nonlinear model for the two-cell SCR system is expressed as follows [10] :
where
is the ammonia (mole) stored on the SCR substrate surface, θ represents the ammonia coverage ratio which is defined as the ratio between the stored ammonia and the maximal ammonia storage capacity, F l denotes the exhaust volume flow rate (m 3 /s) of the lth SCR catalyst cell, C x , l is the concentration of x ,l , and x ,l is the notation x of the lth SCR catalyst cell. More details on the nonlinear model can be referred to [10] .
III. MAIN RESULTS
This section provides the main research results including the observer design, the reference generator design, the closed-loop control law, and the experimental validation.
A. Controller Architecture for the System
The controller architecture for the two-cell SCR system is depicted in Fig. 2 . The exhaust gas volume flow rate and the exhaust gas temperature can be obtained directly from the electronic control unit (ECU). The sensor measurements between the cells are used in the sensor reading corrector. The corrected measurements are then utilized to estimate the ammonia coverage ratio and the input. For the second SCR cell, the inputs are available and the output is the NO x sensor reading. An observer is designed to estimate the ammonia coverage ratio for the second cell. The inputs for the reference generators include ECU signals, outputs of the sensor reading corrector, and output of first-cell observer. An adaptive controller is then designed to control the urea injection.
B. Observer Design for Both Two Cells
The ammonia coverage ratio is not available since there is no physical sensor to measure it. But the ammonia coverage ratios are important for the closed-loop SCR control. Therefore, it is desired to design observers to estimate the ammonia coverage ratios for the control purpose. For the first SCR catalyst cell, the inputs (concentrations of NO, NO 2 , and NH 3 before the SCR cells) are all available. The outputs of the first SCR catalyst cell include the ammonia and NO x sensor readings between the cells. As mentioned, the ammonia sensor reading is trustable but the NO x sensor is cross-sensitive to the ammonia concentration. Since the NO x sensor is located between the cells and the ammonia is inevitable there, the NO x sensor reading should be corrected. Suppose that the NO x sensor reading is denoted by C NO x , 1 , m and the actual value is C NO x , 1 . Due to the crosssensitivity phenomenon, the NO x sensor reading is expressed as follows [12] :
where K(T 1 ) is named as the cross-sensitivity factor which is dependent on the exhaust gas temperature. As the exhaust gas temperature can be measured with a thermocouple, the crosssensitivity factor K(T 1 ) can be calibrated beforehand. For the online application, the factor is determined with a calibrated map and the measured temperature. When the factor and the ammonia concentration are available, the actual NO x concentration between the cells is calculated as follows [12] :
The schematic diagram of the first cell observer design is shown in Fig. 3 . The main function of this observer is to estimate the ammonia coverage ratio and the ammonia concentration, as indicated by the outputs of the observer. The inputs of the observer include the corrected NO x sensor reading, the ammo- nia sensor reading, and the estimated ammonia concentration. During the observer design of the first SCR cell, we employ the dynamicsθ
andĊ
As the NO x sensor cannot differentiate NO and NO 2 , and NO 2 only takes a small portion of the NO x emission between the cells, the dynamics in (11) can be rewritten as follows:
where Δf 3,1 denotes the uncertainty in the dynamics. The uncertainty can arise from the following aspects: the system modeling error such as the parameter identification errors and the system structure error; the measurement errors; and the error induced by ignoring the NO 2 portion. With the new dynamics in (13) , an adaptive sliding mode estimator is proposed as follows:
Here,
sign(x) is the sign of the value x, and λ 3,1 , λ 4,1 , and Δλ 4,1 are positive scalars. The schematic diagram of the observer design for the second cell is shown in Fig. 4 . The inputs to the second cell consist of ammonia and NO x species. Due to the NO x sensor crosssensitivity phenomenon, the reading of the NO x sensor should be corrected. After the correction, the inputs of the second cell are available. The output of the second cell is only the NO x reading. As the ammonia concentration at the tailpipe is not available, the NO x sensor reading at the tailpipe cannot be corrected with the method introduced in (10) .
The observer design for the second cell is based on the NO x sensor at the tailpipe. The sensor reading is expressed as follows:
Similarly, the cross-sensitivity factor can be calibrated in advance. Besides the sensor reading model, the chemical reaction dynamics are also necessarẏ
The observer for the second cell has the following structure:
Here, L 1 , L 2 , and L 3 are the observer gains.
Remark 1:
The research in this paper is on the integrated work including system modeling, observer design, reference generating, controller implementation, and experimental studies. The main motivation is to use the dynamic references instead of constant references to improve the SCR NO x reduction efficiency and reduce the tailpipe ammonia leakage. It is necessary to mention that the observer design for the first SCR cell is adopted from [13] and the observer design for the second cell is referred to the work in [7] .
C. Dynamic Ammonia-Coverage-Ratio Reference Generators
With the observers designed in the previous section, the states of the two-cell SCR systems are all available. In this section, the main work is to design the ammonia-coverage-ratio reference generators. The primary idea is to derive the optimized ammonia coverage ratios for typical driving cycles. Subsequently, the experience-based and the intelligent-algorithm-based approaches are utilized to extract the rules/maps that can generate the optimal ammonia-coverage-ratio references.
In this work, the volumes for two cells in the experimental setup are identical. To carry out the optimization, experimental tests are required to obtain the data. Since the US06 cycle is more aggressive than typical vessel duty cycles, we use US06 cycle to evaluate the proposed concept. Fig. 5 depicts the engineoperating condition, the corresponding engine-out flow rate, and the corresponding oxygen concentration.
When the experimental data are acquired, the nonlinear system model can run and the global optimization can be done offline. We employ the algorithm of dynamic programming and the objective is to minimize the tailpipe NO x emissions when the tailpipe ammonia slip and the input are constrained. However, the computational load of the dynamic programming al- gorithm would increase significantly with respect to the number of system states. In order to reduce the computational load, an alternative approach is to minimize the NO x emission between the two SCR cells with the constraints of optimization being the inlet ammonia concentration and the ammonia concentration between the SCR cells. A forward simulation is conducted to check whether the constraint of tailpipe ammonia slip is satisfied. If the tailpipe ammonia slip resulting from the optimized control exceeds the slip constraint, we reduce the constraint of ammonia concentration between the two SCR cells and do the optimization with the dynamic programming algorithm again until the tailpipe slip constraint is satisfied. The cost function of optimization and constraints are selected as follows:
subject to
Here, C NH 3 , in,max is the maximal inlet ammonia concentration and C NH 3 , 1 , max denotes the maximal ammonia concentration between the cells. The value of C NH 3 , in,max is determined by the maximal urea injection rate and the value of C NH 3 , 1 , max is obtained by a trial-and-error approach. The obtained suboptimal ammonia coverage ratios for both cells are shown in Fig. 6 . The solid curve is the optimized values for the first cell and the dash curve is for the second cell. We can see that the optimized ammonia coverage ratio for the first cell keeps high during the first 400 s. The main reason is that the ammonia slip is small and a high ammonia coverage ratio can efficiently reduce the NO x emission. The values for both cells drop a lot during the period of 450 to 500 s. This phenomenon occurs since the tailpipe ammonia slip is becoming larger and small ammonia coverage ratios would decrease the tailpipe ammonia slip such that the ammonia slip constraint can be satisfied. Compared the constant ammonia coverage ratios, the dynamic ammonia coverage ratios vary with respect to the system operating conditions such as the NO x concentration between the cells and the engine-out NO x concentration. If we use the constant ammonia coverage ratios as the references such as 0.8 for the reference of first SCR cell, the engine-out NO x concentration is low around 500 s and the ammonia concentration between the cells is relatively high. A high reference would lead to more urea injection and large tailpipe ammonia slip. Therefore, it is necessary to develop dynamic ammoniacoverage-ratio references.
Once we have obtained the optimized ammonia coverage ratios for both SCR catalyst cells, the next step is to design the generators based on the obtained values. Intuitively, when the engine-out NO x concentration is high, the ammonia coverage ratio should also be high such that most of the NO x emissions can be reduced. Subsequently, the NO x concentration between the cells is also low. On the other hand, when the ammonia slip is becoming larger and the NO x concentration between the cells is quite small, the ammonia coverage ratio should be reduced to satisfy the tailpipe ammonia slip constraint. Grounded in the above observations, the reference generators are based on the engine-out NO x concentration and the NO x concentration between the cells. For the generator design, we employ the approach of ANFIS. The obtained optimal ammonia coverage ratios, the corresponding engine-out NO x emissions, and the ammonia concentration between the cells are sliced into two groups. Signals sampled at odd seconds are grouped into one set for the training purpose and signals sampled at even seconds are group into another set for the validation. The engine-out NO x concentration (which is denoted by NO x before) and the ammonia concentration between the cells (which is denoted by NO x between) are the inputs for the ANFIS. The output of the ANFIS is the ammonia coverage ratio. One group data act as the training data and the other group data are used to validate the trained rules. Different types of membership functions are used to train the data with ten epochs. After a comparison, the Gaussian type membership function is selected to train the data since this kind of membership function can lead to the smallest accumulated error. As the generator only has two inputs and one output, a 3-D map can describe the relationship between the output and the inputs. Figs. 7 and 8 illustrate the dynamic reference generators for the first and the second cells, respectively. We can see from Fig. 7 that for a fixed engine-out NO x concentration, generally, the ammonia-coverage-ratio target increases with respect to the NO x concentration between the cells. It is necessary to mention that the upper bound of the first-cell ammonia coverage ratio is 0.8 which would limit the urea injection. In addition, when the engine-out NO x concentration is high such as 0.03 mol/m 3 and the NO x concentration between the cells is low such as 0.001 mol/m 3 , the NO x reduction efficiency in the first cell is up to 97%. In this case, the ammonia converge ratio target should be quite small. Similarly, we have the reference generator for the second cell.
D. Adaptive Controller
In the previous section, two dynamic reference generators are designed, which can be used to generate two references for the closed-loop control. The control strategy is adaptive backstepping control which is adopted from the work in [11] . The ammonia input is determined from the following expression:
Moreover, K 1 , K 2 , and K 3 are three positive scalars. The control performance can be tuned by adjusting the values for these three positive scalars.
E. Experimental Validation Results
The picture view of diesel engine and aftertreatment system test bench is shown in Fig. 9 where there is a medium-duty diesel engine and an aftertreatment system consisting of a DOC, a DPF, a two-loop exhaust gas recirculation (EGR) system, and a two-cell SCR system. Though the engine is for vehicles, the engine-out profile can be similar to the one of a small inland marine diesel engine. We can use the engine to evaluate the SCR system. The sensor placement is consistent with the schematic view in Fig. 1 . There are two Siemens VDO NO x sensors and one Delphi ammonia sensor. In order to monitor the NO x concentrations between the cells and after the cells, a Horiba MEXA 7500 gas analyzer is also used. It is assumed that the Horiba measurements are accurate. The temperatures at different locations are measured by using thermocouples. All the physical sensors have been calibrated before the usage.
The SCR control law and the designed observers are implemented in a dSPACE MicroAutoBox. The engine-operating condition signals can be obtained from the ECU. The US06 test cycle conducted on an engine-motoring dynamometer setup is used to show the effectiveness of the proposed control scenario. Due to the NO x sensor cross-sensitivity to the ammonia gas, the cross-sensitivity factor is calibrated first with the Horiba, the thermocouple, the ammonia sensor, and the NO x sensor measurements. The calibrated map is used for the second cell estimator implementation. It is necessary to mention that two low-pass filters are used to eliminate the chattering problem induced by the sign functions in (14) and (15) . Moreover, we employ a trial-and-error approach to tune the observer gains and the controller gains.
Note that the initial ammonia coverage ratio cannot be zero during the normal operation. In the test, some urea is injected into the SCR system beforehand such that the initial ammonia coverage ratio is nonzero. Based on the adaptive control law and the designed reference generators, the closed-loop control is carried out. The engine-out NO x concentration for the US06 test cycle is shown in Fig. 10 where the maximal value is almost up to 1500 ppm. Since the trajectory of engine-out NO x concentration does not change for a specific test cycle, we will not show the engine-out NO x profile for other US06 experimental tests. Fig. 11 depicts the ammonia coverage reference which is the reference generator output and the actual ammonia coverage ratio in the experimental test for the first SCR catalyst cell. Since the ammonia coverage ratio has a nonzero value, the actual value is different from the generator output. However, the error becomes smaller thereafter. As the engine-out NO x concentration is not constant, the reference for the first cell is dynamic. Due to the facts that the dynamics from the control input to the ammonia coverage ratio is not fast and the reference Fig. 11 . Ammonia-coverage-ratio reference and the actual value for the first SCR cell. Fig. 12 . Ammonia-coverage-ratio reference and the actual value for the second SCR cell.
is dynamic, the actual ammonia coverage ratio does not exactly follow the reference. But the shape is tracked well. The generator for the second cell produces the upper bound of the ammonia coverage ratio. Observe from Fig. 12 that the actual ammonia coverage ratio for the second SCR cell is lower than upper bound during most of the test cycle.
To compare the control performance, we have also added two more tests. In the first test, the reference for first-cell SCR ammonia coverage ratio is chosen as 0.8 and the one for the second cell is taken as 0.3. For the second test, the references are selected as 0.5 and 0.3, respectively. In Fig. 13 , the ammonia input comparison for different references is illustrated. Note that the urea injections are zero at the beginning parts for all the three tests. The main reason is that when the actual ammonia coverage ratio is larger than the reference, the urea injection stops immediately and the corresponding ammonia input becomes zero. The maximal ammonia input for these three tests are all smaller than 4000 ppm. nia concentration constraint between the SCR cells, the dynamic reference generators result to acceptable tailpipe ammonia slip level. Due to the fact that the optimization is based on the ammonia concentration constraint between the SCR cells, it is interesting to show the ammonia concentrations between the SCR cells for different references. As depicted in Fig. 15 , the ammonia concentration between the cells with the reference 0.8-0.3 is larger than the other two during most of the test cycle. The constant references are not related to the ammonia concentration between the cells. In the case of reference 0.8-0.3, the ammonia concentration between the cells is larger than the constraint after 350 s. However, there is no feedback to the reference. In order to maintain the target 0.8, the urea is still being injected. Therefore, the corresponding tailpipe ammonia slip is too high after 350 s. For the case with the reference 0.5-0.3, the ammonia concentration between the cells is the smallest during the entire cycle. However, there is no feedback to the constant reference. The urea injection is not increased and the corresponding tailpipe ammonia slip does not reach the constraint 30 ppm at all. For the dynamic reference, the target varies with respect to the engine-out NO x concentration and the ammonia concentration between the SCR cells. Since the references are adaptive in this case, the obtained corresponding maximal tailpipe ammonia slip is close to the preset value 30 ppm, allowing high usage of the SCR NO x conversion capability. The analysis and comparison validate the advantage of the dynamic reference generators.
Besides the tailpipe ammonia slip, another index for the reduction performance is the tailpipe NO x concentration. To guarantee that the NO x measurement is accurate, the data from the Horiba analyzer are used. Fig. 16 depicts the tailpipe NO x comparison when the references are different. It is observed that the constant references lead to a larger peak tailpipe NO x concentration than the one of the dynamic reference generators. The first-cell ammonia coverage ratios for different cases are plotted in Fig. 17 . It infers from the figure that the actual ammonia coverage ratios are around the corresponding references; that is, the control strategy in this paper works well and the tracking performance is good. The second-cell ammonia-coverage-ratio comparison is shown in Fig. 18 . It can be seen from Fig. 14 that the tailpipe ammonia slip is quite different in the three tests. However, the second-cell ammonia coverage ratios are similar. The slight differences occur during the last 300 s; that is, the tailpipe ammonia slip is sensitive to ammonia coverage ratio. Consistent with the analysis of Fig. 14 , the higher reference for the first cell leads to a higher ammonia coverage ratio for the second cell.
To summarize the comparison results, we have listed the performance indices in Table I . The indices include the integral of the tailpipe NO x emission in gram, the peak value of the NO x emission in ppm, the integral of the tailpipe ammonia slip in gram, and the peak value of the ammonia slip in ppm. We can see from Table I that the 0.8-0.3 reference can lead to the smallest tailpipe NO x integral. However, it also leads to the largest ammonia slip integral. Since the ammonia slip should also be constrained, the 0.8-0.3 reference is not the best choice. In the case with 0.5-0.3, the ammonia-coverage-ratio reference for the first cell is relatively lower and the tailpipe ammonia slip satisfies the constraint. However, the tailpipe NO x concentration integral becomes larger. With the tradeoff between the tailpipe NO x emission and the tailpipe ammonia slip, the dynamic references designed in this work are good choices for the two cells. Since the dynamic reference generators can automatically produce the references according to the engine and SCR operating conditions, the control system with the dynamic reference generators is advantageous than two cases with constant references. We have also tried many other constant references. It is quite difficult to find the constant references which can lead to a satisfying tailpipe ammonia slip and a higher NO x reduction rate than the designed dynamic reference generators. Therefore, we can conclude that the designed dynamic reference generators are useful.
Another comparison is carried out with the lumped case in which the physical two-cell SCR system is modeled as a onecell SCR model. The ammonia sensor and the NO x sensor are placed at the tailpipe. Since the ammonia and the NO x measurements are available, the adaptive sliding mode observer can be used to estimate the ammonia coverage ratio for the whole cell. For the lumped case, the ammonia-coverage-ratio reference is selected as 0.5. Fig. 19 shows the tailpipe NO x concentration for the lumped case. We can see that the peak value during the test cycle is relatively smaller for the lumped case. However, the tailpipe NO x concentration is larger than the one with the dynamic reference generators during the last 300 s of the test cycles. The tailpipe ammonia slip is illustrated in Fig. 20 in which the value of the ammonia slip is aggressive during the test cycle. The corresponding ammonia coverage ratio is depicted in Fig. 21 . Observe that the actual ammonia coverage ratio is quite different from the reference. The main reason is that when the two cells are lumped, the modeling error becomes large and it is difficult to control the ammonia coverage ratio with an imprecise model and model-based strategy. Moreover, for the lumped case, the tailpipe ammonia slip is consistent with the ammonia coverage ratio. When the ammonia coverage ratio is large, the tailpipe ammonia slip is also large. When the ammonia coverage ratio is small, the tailpipe ammonia slip also becomes small. The performance indices for the lumped case are summarized in Table II . We can see that for the lumped case both the NO x emissions and the ammonia slip become worse compared with the ones of the dynamic reference generators. It can be concluded that the proposed strategy in this work is much better than the lumped strategy.
To further show the comparison, we have organized the relative comparison results in Table III . Compared to the 0.8-0.3 reference, the proposed dynamic reference generators can lead to more than 200% improvement in terms of the integral and the peak value of tailpipe ammonia slip. Since the ammonia coverage ratio of the first cell is smaller than the one in 0.8-0.3 case, the tailpipe NO x concentration is relatively larger. However, in another case 0.5-0.3, since the ammonia coverage ratio of the first cell is smaller than the one in the dynamic reference generator, the tailpipe ammonia slip is better but the tailpipe NO x concentration is worse.
IV. CONCLUSION
In this paper, we have studied the experimental investigation of two-cell diesel engine SCR aftertreatment system with dynamic reference generations. Compared with the previous work in the literature, we used fewer physical sensors in the control scheme and two nonlinear observers were designed to estimate the states of the two-cell SCR systems. Moreover, two ammoniacoverage-ratio reference generators were designed according to the global optimization results and the ANFIS approach. The control law used was based on the adaptive backstepping method. Experimental tests were carried out to evaluate the proposed control strategy in the US06 driving cycle. The designed generators can produce the ammonia coverage ratios online with respect to the engine-out NO x information and the ammonia concentration between the cells. Based on the test results, the proposed approach showed the advantages over the selected constant references and the lumped cases. Note that the two-cell dynamic ammonia-coverage-ratio references are data-based and thus are dependent on the test cycle. In the future, we will verify the SCR system performance on an inland marine vessel and employ other control methods such as the model predictive control [25] , [26] , sliding mode control [27] , and switching control [28] .
